We probe the stau-neutralino co-annihilation domain of the parameter space allowed by the current experimental bounds on the light Higgs mass, the b → sγ decay, and the amount of neutralino cold dark matter within the framework of minimal SUGRA models at a 500 GeV e + e − linear collider. The most favorable signals of SUSY are stau pair production and neutralino pair production where the small mass difference between the lighter stau and the lightest neutralino in the co-annihilation region is ∼5-15 GeV and hence generates low-energy tau leptons in the final state. This small mass difference would be a striking signal of many SUGRA models. We find that a calorimeter covering down to 1
Introduction
Since an international electron-positron (e − e + ) linear collider (ILC) can measure particle masses very accurately, there is a growing consensus that the next high energy machine to be built after the Large Hadron Collider (LHC) should be an ILC. Such a machine is technically feasible and the initial consensus is for the TESLA design [1] . The siting is still under discussion.
There has been in the past a huge amount of analysis on methods of detecting SUSY at an ILC. However, the minimal supergravity (mSUGRA) model [2, 3, 4] , has several special aspects that make its predictions clearer and more directly accessible to experimental study. Hence it is worthwhile to examine this particular model. The existing experiments have already begun to restrict the SUSY parameter space significantly. Most significant of these are the amount of cold dark matter (CDM), the Higgs mass bound, the b → sγ branching ratio, and (possibly) the muon a µ anomaly.
The allowed parameter space, at present, have three distinct regions [5] : (i) the stau neutralino (τ -χ (There stills exists a bulk region where none of these above properties is observed, but this region is now very small due to the existence of other experimental bounds.) The distinction between the above regions can not be observed in the dark matter experiments where only the mass of the lightest SUSY particle would be obtained. However these regions can be observed at the ILC or the LHC where the particles will be produced directly and their masses will be measured.
The three dark matter allowed regions need very precise measurements at the colliders to confirm which is correct. Since the ILC is suitable for making precision measurements, the cosmologically allowed parameter space is under a great deal of scrutiny. In this paper we choose to work with theτ -χ 0 1 co-annihilation region. We note that many SUGRA models possess a co-annihilation region and if the a µ anomaly maintains, it is the only allowed region for mSUGRA. Coannihilation is characterized by a mass difference (∆M) betweenτ andχ 0 1 of about [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] GeV. This narrow mass difference allows theτ 's to co-annihilate in the early universe along with theχ 0 1 's in order to produce the current amount of dark matter density of the universe. The co-annihilation region has a large extension for m 1/2 , up to 1-1.5 TeV, and can be explored at the LHC. The main difficulty, however, in probing this region is the small ∆M value. This ∆M needs to be measured very accurately in order to claim that the co-annihilation explains the dark matter content of the universe. However, the small ∆M value generates signals with very low energy tau (τ ) leptons and thus makes it difficult to discover this region at any collider due to the large size of the standard model (SM) and SUSY background (BG) events. It is this question for the ILC that we address in this paper.
At an ILC, a major source of the SM backgrounds is the large two-photon events. The previous studies [6, 7] use counting experiments to achieve their results. The discovery significance is calculated using N signal / √ N BG in Ref. [6] , while in Ref. [7] , theτ 1 mass is measured using the threshold method where they either scan over various center-of-mass (CM) energies or assume the mass of the LSP is known from theẽ and theμ decays (to set the beam energy) in order to achieve the maximum sensitivity for a givenτ 1 mass. However, as shown in Sec. 3, we study the scenarios where theẽ andμ masses are too heavy to be produced at a 500 GeV machine.
We investigate the accuracy of measuring ∆M by analyzing the shapes of invariant mass distributions of two τ jets and unbalanced event transverse momentum (p / T ). In our present work, we use a fixed collider energy ( √ s = 500 GeV) for the mass measurement.
We first discuss the available mSUGRA parameter space in Sec. 2, followed by an analysis of the signals and cross sections in Sec. 3. Monte Carlo (MC) studies on the event selection cuts to probe the SUSY events and the SM background are reported in Sec. 4 and the precision in the mass measurements in Sec. 5. We conclude in Sec. 6.
mSUGRA Parameter Space
The models of mSUGRA depends on only four parameters and one sign. These are m 0 (the universal soft breaking mass at the GUT scale M G ); m 1/2 (the universal gaugino soft breaking mass at M G ); A 0 (the universal cubic soft breaking mass at M G ); tan β = H 2 / H 1 at the electroweak scale (where H 2 gives rise to u quark masses and H 1 to d quark and lepton masses); and the sign of µ, the Higgs mixing parameter in the superpotential (W µ = µH 1 H 2 ). Note that the lightest neutralinoχ The model parameters are already significantly constrained by different experimental results. Most important for limiting the parameter space are:
• The light Higgs mass bound of M h 0 > 114 GeV from LEP [8] . Since theoretical calculations of M h 0 still have a 2-3 GeV error, we will conservatively assume this to mean that (M h 0 ) theory > 111 GeV.
• The b → sγ branching ratio [9] . We assume here a relatively broad range (since there are theoretical errors in extracting the branching ratio from the data):
(1)
• In mSUGRA theχ 0 1 is the candidate for CDM. Previous bounds from balloon flights (Boomerang, Maxima, Dasi, etc.) gave a relic density bound for CDM of 0.07 < Ω CDM h 2 < 0.21 (where Ω CDM is the density of dark matter relative to the critical density to close the universe, and h = H/100 km/sec Mpc where H is the Hubble constant). However, the new data from WMAP [10] greatly tightens this (by a factor of four) and the 2σ bound is now:
• The bound on the lightest chargino mass of Mχ± • The muon magnetic moment anomaly, δa µ , using both µ + and µ − data [12] . Using the e + e − data to calculate the SM leading order hadronic contribution, one gets a 2.7σ deviation of the SM from the experimental result [13, 14] . (The e + e − data appears to be more reliable than the τ decay data and Conserved Vector Current (CVC) analysis with CVC breaking [15] .) Assuming the future data confirms the a µ anomaly, the combined In the following, we will analyze the case of µ > 0. In order to carry out the calculations it is necessary to include a number of corrections to obtain results of sufficient accuracy, and we list some of these here: (i) two loop gauge and one loop Yukawa renormalization group equations (RGEs) are used from M G to the electroweak scale, and QCD RGE below the electroweak scale for the light quarks; (ii) two loop and pole mass corrections are included in the calculation of M h 0 ; (iii) One loop corrections to M b and M τ are included [16] ; (iv) large tan β SUSY corrections to b → sγ are included [17] ; (v) allτ 1 -χ 0 1 co-annihilation channels are included in the relic density calculation [18] . We do not include Yukawa unification or proton decay constraints as these depend sensitively on post GUT physics, about which little is known. pb. In the case of tan β = 10 they represent (from left) 5 ×10 −9 pb and 1 ×10 −9 pb. It is important to note that the narrowness of the allowed dark matter band is not a fine tuning. The lower limit of the band comes from the rapid annihilation of neutralinos in the early universe due to co-annihilation effects as the lightτ 1 mass, Mτ 1 , approaches the neutralino mass as one lowers m 0 . Thus the lower edge of the band corresponds to the lower bound of Eq. 2, and the band is cut off sharply due to the Boltzman exponential behavior. The upper limit of the band, corresponding to the upper bound of Eq. 2, arises due to insufficient annihilation as m 0 is raised. As the WMAP data becomes more accurate, the allowed band will narrow even more. (Note that the slope and position of the band changes, however as A 0 is changed.) Thus the astronomical determination of the amount of dark matter effectively determines one combination of the four parameters of mSUGRA. Since theτ -χ 0 1 co-annihilation region seems to be experimentally most favored (including the g − 2 effect), we probe this region. Let us now study the available sparticles when we try to probe this co-annihilation band in a linear collider.
3 Production and Signals of SUSY Particles at an ILC Figure 1 shows the production cross section of 0.1 fb forẽ
0 2 (blue dashed-dot) and chargino pair (vertical black dot) productions. We see that for large tan β the chargino pair production is almost not observable and the selectron pair production is unobservable. The stau pair has the largest reach in m 1/2 and the neutralino pair has the largest reach in m 0 . We therefore focus on the stau pair and the neutralino pair production cross sections. The kinematical reach of the production cross sections ofτ + 1τ − 1 and χ 0 1χ 0 2 productions for both √ s = 500 and 800 GeV are shown in the figures. We see that the 800 GeV ILC will have a much bigger reach. We will, however, use the 500 GeV collider to study the signal since it seems to be the intial CM energy for ILC. The possible signals forτ
0 2 in mSUGRA are the following:
We look at the hadronic final state of taus (τ h 's) in order to have larger event rates. The final signal thus has two τ h 's plus p / T . The analysis now is quite complicated since the τ 's have low energy due to a small ∆M value. We need to develop appropriate event selection cuts to extract the signal from the SM background which is dominated by the γ * γ * e + e − . In general, the co-annihilation region occurs for ∆M ∼ 5-15 GeV. We choose three points for m 1/2 = 360 GeV, m 0 = 205, 210 and 220 GeV, with A 0 = 0 and tan β = 40 and develop our event selection cuts. The masses of SUSY particles in these three representative scenarios are given in Table 1 . The values of ∆M for these three points are 5, 10 and 19 GeV. The first selection we use is the electron beam polarization. Since both signals and background processes cross sections are affected by it, we choose appropriate polarization to increase the significance of the signal. The production cross sections for √ s = 500 GeV for different polarizations are given in Table 2 . The right-handed (RH) polarization P(e − ) = −0.9 enhances theτ 2 , for SUSY and SM 4-fermions (4f) production in two cases of polarizations, P(e − ) = −0.9 (RH) and +0.9 (LH). The SUSY cross sections were obtained using ISAJET [19] , and WPHACT [20] was used for the cross sections of theνντ + τ − processes.
P(e − ) −0.9 (RH) 0.9 (LH)
The generation of MC samples and the analysis for the signal and the background was done using the following programs: (1) ISAJET [19] to generate SUSY events; (2) WPHACT [20] for SM backgrounds; (3) TAUOLA [21] for tau decay; (4) Events were simulated and analysed with a LC detector simulation [22] .
Event Selection
In order to reduce the backgrounds we require a set of event selection cuts and these cuts are given in Table 3 . In this table: j 2 stands for second leading τ jet, p vis gives the sum of visible momenta and θ(j 2 , p vis ) is the angle between them. θ jet is the angle between a τ jet and the beam direction. The jets are reconstructed using the JADE algorithm with Y cut ≥ 0.0025 [23] and selected with E jet > 3 GeV. Such a value of the Y cut parameter helps to select narrow τ -like jets. The jet acceptance cut is required to reduce the SM background events such as W W and ZZ production. The acoplanarity is defined as A = 180
• − ∆φ(j 1 , j 2 ), where ∆φ(j 1 , j 2 ) is the azimuthal angle between two τ -jets. The cut on acoplanarity is very powerful in rejecting two photon SM backgrounds which have a huge cross section. In order to have MC samples of manageable size for two photon SM processes we apply a cut A M C > 30
• already at the generator level. (In addition for these samples we apply the generator level cut on p T τ M C > 4 GeV and require the τ to be separated from the beam line by more than 35
• ). We also require no EM clusters (a) in 5.8
• < θ < 28
• where the ILC detector has no tracking system and (b) in the angle below 5.8
• with two options of a very forward calrometer (VFD). In our calculation, beamstrahlung and bremsstrahlung are included in the two-photon annihilation process. The two photon background in our analysis is similar to that discussed in Refs. [6, 7] .
The number of accepted events for each class of final states for the case p / T > 5 , 10, and 20 GeV are summarized in Table 4 .
• The RH polarization strongly suppresses the SM background events (W W etc.) and the neutralino events (χ 0 1χ 0 2 ). We also need a 1
• VFD and p / T > 5 GeV to get a clean signal for • The LH polarization allows for the detection of theχ Thus we find that the VFD is essential to detect SUSY in this region of parameter space. A lower p / T increases the number of events and the significance. A 5 GeV p / T cut has been found to be feasible at a 500 GeV ILC.
It should be noted that the 1 • VFD is feasible for the ILC since the TESLA design (which has been accepted for the ILC technology) allows a VFD coverage down to 3.2 mrad (or 0.18
• ) [1] . We also note that our study is based on head-on collisions of electron and positron. However, it has been shown that the VFD is still able to reduce the two-photon background events even in the case of a beam crossing [7] . Theτ + 1τ − 1 cross section has the largest reach along the co-annihilation band and one would use this channel to measure the mass difference. This channel needs RH polarization for enhancement. In Figure 2 , we plot the number of events accepted in our selection criteria with 500 fb −1 of luminosity as a function of ∆M for m 0 = 203-220 GeV (m 1/2 = 360 GeV) in the RH polarization case. We see that we have more than 100 events, which will be adequate for the measurement of ∆M as discussed in Section 4, for ∆M > 4.5 GeV. Figure 3 is a plot of the acceptance as a function of ∆M for m 0 = 203-220 GeV with a 1
• VFD in the case of RH polarization. The acceptance drops rapidly as ∆M goes below 5 GeV.
The event acceptance also depends on m 1/2 as shown in Figure 4 . This dependence arises because the τ 's are less energetic and its angular distribution changes as the stau becomes events are also treated as backgrounds, for a window of M eff ≡ M(j 1 , j 2 , E /) (invariant mass of two τ -jets and missing energy). For ∆M = 4.76 and 19 GeV, the allowed ranges for M eff are 0-54.5 GeV and 0-183.5 GeV, respectively. The 5σ reach for theτ 1 mass is found to be ≤ 215 GeV (m 1/2 ≤ 520 GeV) for ∆M = 4.76 GeV with a 1
• VFD and p / T > 5 GeV. For ∆M = 19 GeV, the 5σ reach of theτ mass at a 500 GeV ILC is ≤ 237 GeV (m 1/2 ≤ 537 GeV).
It should be noted that our event selection cuts are optimized for a 500 GeV machine. In the case of an 800 GeV ILC, the cuts need to be re-optimized based on the new SUSY backgrounds and machine design limitations (e.g. the lower bound on p / T needs to be raised).
Measurement of Stau Neutralino Mass Difference
The measurement of a small ∆M value is crucial since it would be a key evidence of the existence of theτ -χ 0 1 co-annihilation. We propose the variable M eff as a key discriminator of the signal events from its background events. We first generate the high statistics MC samples for the SM and various SUSY events (by changing the m 0 value) and prepare the templates of the M eff distributions for the SM,χ • VFD in the RH polarization case. The SM cross section is fitted by a blue line, the stau pair by a green line and the neutralino pair by a red line. The stau pair production peak separates from the SM background as ∆M increases. This is because for smaller ∆M, the two τ signal appears like the τ 's from the two photon background and consequently this region requires a VFD coverage down to 1
• . From Figure 5 we also find that the stau pair production cross section can be measured upto an accuracy of ± 4% for Point 2.
Since the data of 500 fb −1 of luminosity will be generated in the initial run for a few years, 14.5
we then generate the MC samples equivalent to 500 fb −1 of luminosity for particular ∆M values and fit them with the template functions generated for high statistics sample. The black lines in Figure 5 shows the fitting of the 500 fb −1 MC samples for point 2 with the templates of two different m 0 values of 210 and 211 GeV. (Other parameters are kept at the same values as before.) We then compare the χ 2 for these fits. We find that the χ 2 for these fits is minimum for the m 0 = 210 GeV case. We use the range of m 0 = 203-220 GeV and try to fit the 500 fb
MC sample for point 2 and determine the χ 2 for all these different points. We plot the χ 2 of these fits in Figure 6 and find that 1σ in the χ 2 corresponds to 9.5 ± 1 GeV. The true value of ∆M for the point 2 is 9.53 GeV. We repeat the same study for differentτ 1 masses i.e. for different ∆M. For lower ∆M(∼ 5 GeV), we need to use a VFD of 1
• . The accuracy of mass determination for two different VFDs is summarized in Table 5 , showing the uncertainties are at a level of 10%, except for ∆M ∼ 5 GeV where it is 20% and we have 100τ + 1τ − 1 events. Figure 7 illustrates theτ 1 mass reach as a function of luminosity for a 5σ discovery with at least 100 events for ∆M ∼ 5 GeV, where the ∆M would be determined to 20% or better. We find that 164 GeV and 205 GeVτ 1 masses to be 5σ reach and 20% (or better) uncertainty in ∆M measurement with 500 and 2500 fb −1 at a 500 GeV ILC.
Conclusion
We have probed the mSUGRA and SM signals in theτ -χ 0 1 co-annihilation region at a 500 GeV ILC with 500 fb −1 of luminosity. In this region, the mass difference ∆M between theτ 1 and theχ 0 1 would typically be 5-15 GeV for a large range of m 1/2 . This small mass difference would produce very low energy taus in the final state. The dominant SM background would be the two-photon process. With RH e − beams our study has focused on theτ +τ − production because it allowed us to reach large m 1/2 values in the allowed parameter space. We proposed the invariant mass of two tau jets and missing energy variable, M(j 1 , j 2 , E /), to determine the mass difference and found the accuracy would be at a level of 10% using a 1
• (or 2 • ) VFD except for ∆M = 4.76 GeV. For ∆M ≃ 5 GeV, a 1
• VFD would be crucial to suppress the two-photon background and the accuracy there would be about 20% with approximately 100 signal events. We also calculated the discovery significance of this region and determined the 5σ reach in m 1/2 for 500 fb −1 of luminosity.
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